The results of a systematic study investigating the effect on the sound insulation of wood stud walls having penetrations made by electrical outlet boxes are presented. The effect on sound insulation is shown to be almost negligible, regardless of box separation, if the boxes are themselves airtight and form an airtight seal with the gypsum board surfaces. However, if the boxes are not airtight, then the degradation to the sound insulation is strongly dependent on the separation between the boxes. Other significant factors include the presence of cavity absorption, and its method of installation. A series of retrofits for poorly installed boxes is examined and show that commonly available devices for reducing airflow (and sound insulation) through electrical boxes can be very effective but are highly dependent on installation.
These previous studies have indicated that penetrations through walls in the form of slits or cylinders can be very detrimental to the sound insulation especially for frequencies above the quarter wavelength frequency corresponding to the depth of the slit or cylinder.
This may have helped the growth of the generally accepted feeling that the presence of closely spaced electrical outlet boxes in a party walls can degrade the sound insulation.
In a limited set of double leaf walls containing cavity absorption, Royle 7 investigated the effect of slits around a wall's perimeter, as well as penetrations by a cylinder and by back-to-back electrical boxes. It was shown experimentally that the type of wall penetration or "leak" affects the sound insulation in different ways, indicating that work for slits and cylinders might not be applicable to outlet boxes. Royle concluded from the work done with walls containing cavity absorption that penetrations by back-to-back electrical boxes did not present a serious problem if the wall cavity contained glass fiber insulation, 80 mm thick.
In this paper, which presents a systematic study of the factors affecting the sound insulation of gypsum board cavity walls having penetrations in the form of electrical boxes (see Figures 1 and 2) , it is shown that the offset distance between penetrations is only one factor and is often of secondary importance. Royle's conclusion regarding offset distance is shown to be correct for a subset of the cases considered in his study, but in general the conclusion is not valid.
TEST SPECIMENS
The study examined the reduction in sound insulation caused by installing electrical outlet boxes in two types of load-bearing wood framed party walls These specimens allowed for a systematic investigation of the following factors:
• Box type (standard metal box or plastic box with a built-in air barrier, see Figure 3 );
• Box placement (back-to-back, same cavity or adjacent stud cavity,
Figures 1 and 2) for the two wall constructions;
• Box treatment including gaskets to seal the opening and inserts or other materials for lining the boxes;
• Baffles in the wall cavity to block line-of-sight between boxes;
• Possible structural vibration transmission through the electrical boxes when the gypsum board is mounted on resilient channels;
• Frequency dependence of the sound insulation degradation due to boxes of various dimensions. The test procedure was designed to optimize the accurate comparison between the different electrical outlet positions for the same wall specimen.
TEST METHOD AND PROCEDURE
For the two types of framing considered, a base wall specimen was constructed with no penetrations and the sound insulation was measured.
The gypsum board was removed and saved for later re-installation.
The four or five electrical outlet boxes, complete with duplex outlets, face plates, and associated wiring were installed in accordance with the Canadian Electrical Code 10 (which is essentially equivalent to the National Electrical Code 11 used in the USA). Holes were cut in the gypsum board to accommodate the boxes and the gypsum board was re-installed. The openings in the gypsum board for each outlet were masked with covers made from a double layer of 12.7 mm thick gypsum board that overlapped about 25 mm beyond the edges of the opening. A 3 mm neoprene gasket formed an air-tight seal between the masks and the gypsum board. The masks were held in place by screws into the threaded tabs of the electrical box. With the masks installed, the wall was re-tested.
In all cases considered in this study, the difference between the result with all the outlets masked and the original result (with no penetrations) was less than the known reproducibility uncertainty associated with removing and replacing a layer or layers of gypsum board in the IRC laboratory, r 95 
FACTORS AFFECTING SOUND INSULATION
The key factors affecting the sound insulation of wood stud walls with electrical outlets were systematically investigated. Unless otherwise noted the electrical boxes under test were fitted with duplex electrical outlet fittings and face plates.
Effect of Box Type
Two types of boxes were investigated: standard metal boxes, and plastic vapor barrier boxes. Typical installation details are shown in The sound insulation for standard metal boxes without any treatment was compared to that with the PVB boxes, when installed in the double wood stud wall without cavity absorption (a sensitive case). The results are shown in Table 1 . The plastic boxes provided consistently better sound insulation than the untreated metal boxes, especially in the back-to-back configuration. The transmission loss data shown in Figure 4 indicate that the sound insulation of a party wall with plastic boxes installed in any position, even back-to-back, was nearly identical to that without any penetrations.
The correlation between air-tightness and sound insulation has been employed by several authors 12,13 as a method of estimating the degree of airtightness of the separating building element(s). when the installed boxes are not airtight and allow the unimpeded passage of air (i.e., the metal boxes with the duplex outlets) the effect on the sound insulation can be significant.
Box Placement and Cavity Absorption
The degradation of sound insulation that was observed when electrical boxes were placed in the back-to-back configuration in a double wood stud wall is shown in Figure 5 . The effect is strongest in the frequency range around 1 kHz, where an 18 dB degradation was observed. This is much greater than the 6 point reduction in STC would suggest. The change in the sound insulation in the 1 to 2 kHz frequency range will be shown to be a function of the box dimension and is discussed later. Table 2 shows the change in sound insulation relative to the reference case, without penetrations, for various locations of the untreated metal boxes.
From the table it can be seen that the effect of electrical boxes on the sound insulation of a wall can be large and the reduction in the sound insulation depends on several factors: the separation (horizontal offset) of the electrical boxes, the construction of the wall, and the location of wall cavity absorption.
Within the scope of this study, these cannot be fully separated, but general trends can be identified.
The greatest reduction of the STC occurred when there was a short unimpeded path between boxes -that is, the sound did not have to travel through the cavity absorption (or in the case of the double wood stud wall through the 25 mm gap between studs into the next cavity). This is shown by the reduced sound insulation for walls with boxes in the back-to-back and same cavity positions without cavity absorption, and the back-to-back position with the batts displaced around the boxes as shown in Figure 1b .
Conversely, when the sound energy must travel through, or at grazing incidence to, the cavity absorption (i.e. all other absorption cases), the effect is greatly reduced. Table 2 and Figure 6 show the change in sound insulation for the double stud wall with cavity absorption installed in two ways: displaced around the side of the box or placed completely over the back of the box. The table shows that having the layer of cavity absorption between back-to-back electrical boxes greatly minimizes the reduction in the STC rating. This is not surprising since for each 90 mm thickness of glass fiber building insulation that the sound energy passes through the sound energy may be attenuated by as much as 10 dB at 1000 Hz.
It is evident from Table 2 that when the boxes are offset by 350 mm or more there is very little degradation when compared to the wall without penetrations except, when no cavity insulation is present. For the single stud wall, this may be explained by the fact that the sound energy propagating between the boxes will be highly attenuated in the fibrous medium. Unlike the single stud wall, the double stud constructions of Figure 1a lined with a fibrous porous absorber. Similar grazing incidence propagation over an absorbing surface occurs in transmission between the offset boxes of the double stud walls having cavity absorption in Table 2 . 
Retrofit Box Treatments
The section that considered box type has shown that as the air-tightness of the box is increased, so too is the sound insulation of the wall assembly into the electrical box then into the cavity via the penetrations in the box.
Mass-Loaded Materials: Lining the interior of an electrical box with a pliable material impervious to air will help to increase the airflow resistance and hence the acoustic performance. The gap between the box and the gypsum board was also filled. In this series, a mastic-type material designed to fill cracks was used. Table 3 
Baffles and Fire Resistance
Electrical outlets are also of potential concern where fire resistance is required. Unfortunately, no data were found on the effect of such penetrations on fire resistance of full-scale wall assemblies. These results cannot be applied directly to full-scale assemblies or to cases where boxes are more widely separated but suggest that the presence of electrical outlets may be a serious concern for fire resistance of party walls.
Some better building practice guides suggest the use of baffles in walls having electrical boxes. Table 4 shows the measured effect of adding this baffle, for two box locations.
The effectiveness of a partial-height baffle depends on the presence of cavity absorption. This is to be expected since the absorption controls the reverberant field in the cavity and a baffle will only be effective if the reverberant energy is much less than that traveling directly between the two boxes. Consequently, reducing the direct component with the use of a baffle will only provide marginal improvement without cavity absorption as shown in Figure 8 .
However, when there is significant cavity absorption the amount of reverberant energy is very low and reducing the direct energy with the use of a baffle will be most effective. This is demonstrated in Figure 9 .
Baffles that are designed correctly (so that structural isolation between the two faces of the wall is maintained) can improve the acoustical performance, and may improve the fire-resistance performance, especially if there is cavity absorption.
Resilient Channels
A specimen with a single row of wood studs was used to establish whether the effectiveness of resilient channels would be limited by electrical boxes, which might provide an effective alternate path for vibration energy to travel from the gypsum board surfaces to wood stud framing. The figure shows that placement of the electrical boxes in a wall having resilient channels did not affect the wall's sound insulation significantly. Figure 11 shows that there is very little effect on the sound insulation for frequencies below 315 Hz as a result of having back-to-back 47 x 75 mm holes in the double wood stud wall of Figure 1b . The cavity absorption was displaced so that there was an unimpeded passage across the wall cavity from one hole to the other. For frequencies above 315 Hz (frequency at which the wall depth 257 mm represents a quarter wavelength) the degradation of the hole is pronounced. The onset of the degradation at the quarter wavelength frequency has been observed for slits in monolithic walls, i.e., walls without cavities 3 . Typically, for slits and cylinders in monolithic walls the sound reduction begins to drop for frequencies greater than the quarter wavelength frequency and has a local minimum at the half wavelength frequency. This is not exhibited by the double leaf wall of this study.
Transmission Through Open Penetrations to a Cavity Wall
Presumably, the monotonic reduction in the sound insulation with increasing frequency above the quarter wavelength frequency is due to the fact that the wall cavity is not a one dimensional system and will allow propagation in all three orthogonal directions many of which will satisfy the boundary conditions necessary for strong transmission, which differs from the problem of the hard-walled cylinder or slit.
Also shown in Figure 11 is a simple prediction of the total sound insulation based on the commonly used worst-case assumption that the transmission It should be noted that due to the strong dependence on the depth of box and nature of box penetrations, the data presented in this paper may not be applicable to all types of electrical boxes which also includes boxes used for data and telecommunication receptacles.
CONCLUSIONS
Penetrations to a cavity wall, in the form of electrical boxes, can severely reduce the sound insulation. The magnitude and frequency dependence of the degradation is a complex function involving, the wall thickness, the presence of cavity absorption and method of its installation, the box location and air-tightness, as well as the type of electrical fitting installed in the boxes.
To minimize the degradation, locate the boxes as far apart as possible and use cavity absorption that is placed so that the backs of the boxes are Similarly, if existing poorly placed boxes can be made airtight through retrofits then the sound insulation of the wall assembly can be greatly improved. Sealing the inside of the box with a mastic-type material and caulking the gap between the box and the gypsum board cut-out proved to be the most effective. Baffles placed in the cavity were shown to be effective only if cavity absorption was present.
Penetrations to the double stud assemblies considered in this study had virtually no effect for frequencies below 315 Hz, (the quarter wavelength 
